INTRODUCTION
The discovery by Dr. Charles Huggins in 1941 of the remarkable palliative benefit of androgen deprivation therapy (ADT) via surgical castration or estrogen therapy in men with symptomatic, advanced prostate cancer was a transformative event in the history of medicine (1, 2) . Over the ensuing 70 years, ADT has remained the mainstay of treatment and is now used routinely in men with asymptomatic disease, despite side effects that include impotence, hot flashes, fatigue, and decreased functional activity. In addition, men suffer from sequelae of the castration-induced metabolic syndrome, such as loss of lean muscle and bone mass, anemia, and weight gain (3) (4) (5) (6) . From the outset of ADT use, it was recognized that all men eventually develop castration-resistant prostate cancer (CRPC) that was presumed to be due to sustained androgen receptor (AR) signaling via a number of different mechanisms (7) (8) (9) (10) (11) (12) (13) . Thus, the prevailing treatment paradigm has been to block ligand-dependent AR activity by any means necessary. This hypothesis led to the development of "second-line" therapies aimed at further blocking androgen ligand signaling through AR. The culmination of this reasoning has been the development of the CYP17 inhibitor abiraterone acetate, an androgen synthesis inhibitor, and enzalutamide, a potent antiandrogen. Both agents received U.S. Food and Drug Administration (FDA) approval based on modest survival benefit compared to placebo in men with metastatic CRPC (14) (15) (16) .
Unfortunately, resistance to these agents develops quickly. Additionally, emerging evidence suggests a reduced response when abiraterone acetate and enzalutamide are used as "third-line" therapy (17) (18) (19) (20) . Resistance first manifests as a sustained rise in the androgen-responsive gene PSA (prostatespecific antigen), consistent with reactivation of a functioning AR axis. Evaluation of clinical material demonstrates that CRPC cells remain addicted to AR signaling and adapt to chronic exposure to androgen-ablative therapies through an autoregulatory increase in AR activity by a variety of mechanisms that include increased expression of wild-type AR and ligandindependent AR variants, AR gene amplification, and AR mutations (7) (8) (9) (10) (11) (12) (13) 21) . Data from a variety of sources, including rapid autopsy programs, have demonstrated that AR expression persists even in men with CRPC who have died from prostate cancer after chronic ADT and multiple types of second-line hormonal therapies (22) (23) (24) . Chen et al. demonstrated that prostate cancer cell lines adapt to serial passage in castrated mice through an autoregulatory increase in AR expression that is sufficient to induce resistance to both ADT and the antiandrogen bicalutamide (25) . Studies in our own laboratory have documented that AR levels increased 30-to 90-fold in CRPC cell lines compared to normal prostate cells (26) . Using clinical samples, we further demonstrated a marked AR increase in men progressing from castration-sensitive cancer to a CRPC state (26) . In addition to up-regulation of the full-length AR (AR-FL), human ARexpressing prostate cancer cells can up-regulate expression of truncated ligand-independent AR variants upon exposure to androgen-ablative therapies. Expression of these ligand-independent variants is associated with resistance in preclinical models and clinical studies (27) (28) (29) (30) (31) (32) .
Against this background of renewed interest in more potent blockade of ligand-dependent AR signaling, there has been the long-standing observation that the growth of AR-positive human CRPC cell lines can be inhibited by supraphysiologic levels of androgens (26, 33) . Several complementary mechanisms for this paradoxical effect have been described. Isaacs et al. demonstrated that AR is a DNA licensing factor that plays a critical role in DNA replication and must be degraded as a cell goes through the cell cycle (26, (34) (35) (36) . In the presence of supraphysiologic testosterone, increased ligand-bound AR in the nucleus is stabilized against degradation. Lack of AR degradation due to overstabilization inhibits DNA relicensing, resulting in cell death in the subsequent cycle (35) . Haffner et al. showed that dihydrotestosterone (DHT) generates transient double-strand DNA breaks (DSBs) in CRPC cells through the recruitment of AR and topoisomerase IIb (TOP2B) to androgen response elements (AREs) (37, 38) . Although single-agent etoposide had minimal activity in a previous study in men with CRPC, it may have the ability to potentiate DSBs induced by testosterone through its ability to inhibit TOP2B and DNA repair (39) . Various studies have also shown that resistance to ADT, abiraterone acetate, and enzalutamide may be mediated through increased expression of AR splice variants that remain transcriptionally active despite loss of the AR ligand-binding domain (27) (28) (29) (30) (31) (32) .
These preclinical studies suggested that the adaptive overexpression of AR by CRPC cells could potentially be targeted through the administration of sufficient systemic testosterone to achieve supraphysiologic serum testosterone levels. We refer to this approach as bipolar androgen therapy (BAT) (40) . The term "bipolar" is used to emphasize that, with this strategy, there is rapid cycling between two polar extremes: from supraphysiologic serum testosterone levels achieved through intramuscular injection of 400 mg of testosterone cypionate back to near-castrate testosterone levels over a 4-week cycle. CRPC cells expressing high AR levels would be vulnerable to cell death when exposed to supraphysiologic testosterone because of inability to completely degrade high levels of androgenstabilized nuclear AR. Supraphysiologic testosterone may also induce lethal DSBs in prostate cancer cells chronically starved of androgen. Finally, because of the bipolar nature of the therapy, CRPC cells that survive high testosterone due to baseline low AR levels or through adaptive downregulation of AR would become vulnerable to death when suddenly reexposed to low testosterone over the course of a treatment cycle.
On the basis of the combined results demonstrating the effects of supraphysiologic androgen on prevention of DNA relicensing and the potential for production of stabilized DSBs in conjunction with etoposide, we conducted a single-site, single-arm pilot study in men with CRPC who progressed on ADT and second-line androgen-ablative therapies to evaluate the safety and efficacy of BAT in combination with oral etoposide.
RESULTS

Androgen-induced inhibition of growth of AR-overexpressing CRPC cells
The in vitro growth of some AR-expressing human prostate cancer cell lines, particularly those that have been adapted to grow in media lacking androgens (that is, charcoal-stripped serum-containing media), can be markedly inhibited by exposure to supraphysiologic levels of androgen in the media. This inhibition is observed by exposure to 10 nM R1881, a synthetic androgen that is non-aromatizable and is poorly bound by steroid hormone binding globulin (Fig. 1A) . This concentration of R1881 is considered a supraphysiologic amount of androgen because it is ∼20-fold higher than the free testosterone concentration in the serum of intact adult human males and ∼1000-fold higher than the free testosterone level in 10% fetal bovine serumcontaining culture media (41) .
These adapted cell lines are typically highly resistant to growth inhibition by antiandrogens such as bicalutamide (Fig. 1A) . Growth inhibition by androgens is dose-dependent and is only observed in a subset of AR-positive human prostate cancer cell lines (Fig. 1B) . Previous studies exploring the mechanisms underlying this paradoxical growth inhibition have found that androgen exposure can induce DSBs and induce G 1 arrest through reduction in expression of S-phase kinase-associated protein 2 (Skp2) and c-Myc, and induction of p27(Kip1) (37, 38, 42) . Exposure of LNCaP cells to DHT induces DNA breaks as measured by phosphorylation of H2A histone family, member X to a form known as gH2A.x as a reaction to DSBs (Fig. 1C) . These gH2A.x foci indicative of DSBs, as well as other markers of DSBs (such as binding of biotinconjugated nucleotides, ATM recruitment, or dual fluorescence in situ hybridization probe hybridization), are transient because they appear within a few hours of exposure and are no longer detectable after 24 hours (37). Hormone-induced DSBs are likely generated by TOP2B, a class 2 topoisomerase that has been shown to induce DSBs to relieve topological constraints (37) . An additive effect on DSBs occurs when androgen stimulation is combined with the topoisomerase 2 poison etoposide (Fig. 1C) , which covalently traps catalytically active TOP2 on DNA, resulting in stabilization of DSBs.
Recently, Isaacs et al. demonstrated that AR is involved in the process of DNA licensing, in which a complex of proteins known as licensing factors assemble at origins of replication to form origin of replication complexes required to begin DNA replication (26, (34) (35) (36) . Once the cell completes the cell cycle, relicensing must occur for a subsequent round of replication. For relicensing to occur, replication complexes (RCs) must be removed from origin of replication sites (ORSs) during G 2 -mitosis, so that in early G 1 of the next cell cycle, ORSs are fully accessible to bind newly synthesized RC proteins and initiate formation of new pre-RCs. Evaluation of AR levels during cell cycle progression of castration-resistant LNCaP cells growing in a castrate host documented that AR is degraded via the proteasome during mitosis and rapidly resynthesized in early G 1 (34) . When grown under castrate conditions, high AR-expressing LNCaP cells continued to proliferate. In contrast, when these castration-resistant LNCaP xenografts were treated with testosterone implants to achieve supraphysiologic serum testosterone levels, marked growth inhibition was observed (Fig. 1, D and E). These growth-inhibited xenografts had similar amount of cells with nuclear AR, Ki-67 positivity, and mitotic index compared to xenografts growing in castrate animals (Fig. 1E) . However, about threefold increase in the cell death index demonstrates that growth inhibition was not due to a cytostatic effect of supraphysiologic testosterone but rather to induction of cell death in treated xenografts. More strikingly, the percentage of cells staining positive for AR in mitosis was about 11-fold higher in cells exposed to supraphysiologic testosterone versus castrate-only animals ( Fig. 1, E and F) . Although testosterone treatment produced growth inhibition, levels of PSA/gram of tumor were about fourfold higher in these testosterone-inhibited LNCaP cells, demonstrating that the AR axis is still functional (Fig. 1E) .
Clinical study of BAT and etoposide in men with CRPC On the basis of these preclinical results, we designed an open-label, singlesite, single-arm pilot study in men with CRPC to evaluate the safety and efficacy of BAT in combination with etoposide ( Fig. 2A ). All subjects were in castrated nude mice treated with subcutaneous silastic implants filled with either nothing (Control) or testosterone beginning on day 7 (n = 10 animals per group; P < 0.05 for all time points beginning at day 21). (E) Evaluation of indicated parameters in LNCaP/A− cells growing in castrate mice that were or were not supplemented with subcutaneous testosterone-filled silastic implants (implants placed in animals for 2 weeks, removed for 2 weeks, and then replaced again for 2 weeks before tumor harvest). All values are presented as means ± SE of representative data generated from one of a minimum of three independent experiments, in which there were a minimum of eight replicates per data point. To determine indices, 200 cells per slide were evaluated for each index to determine percentages. Original data for individual mice can be found in table S1. (F) Immunohistochemical staining for AR in harvested LNCaP/A− xenografts growing in castrate mice that were or were not supplemented with subcutaneous testosterone-filled silastic implants. Blue arrows indicate mitotic figures. Scale bars, 15 mm. maintained on ADT with a luteinizing hormone-releasing hormone (LHRH) agonist (for example, goserelin, leuprolide, and triptorelin) to suppress endogenous testicular androgen synthesis, thus allowing for rapid testosterone cycling. In the initial stage of the treatment, subjects received three 28-day cycles of combination testosterone cypionate and etoposide. On day 1, the patients received a 400-mg intramuscular injection of testosterone cypionate. On days 1 to 14, the patients received oral etoposide, 100 mg daily. This FDA-approved dose of testosterone cypionate was selected on the basis of previous pharmacokinetic studies demonstrating that this dose and formulation produce supraphysiologic testosterone levels (>1500 ng/dl) within the first few days after injection, with a subsequent decline to high-normal testosterone levels after 2 weeks, and a return to near-castrate testosterone levels by 28 days (43) . The dose of etoposide was selected on the basis of a previous phase 2 trial in men with CRPC (39) . Patients were eligible to continue on BAT alone beyond the first three cycles if they had a PSA decline (PSA below the prestudy baseline) or a PSA that was trending downward after the first three cycles of combination testosterone plus etoposide and was no more than 50% above the prestudy baseline level. The primary endpoint of the study was the rate of PSA decline below baseline after three cycles of BAT plus etoposide. Evaluable patients were those completing at least three cycles of combined therapy.
Between March 2010 and February 2013, a total of 16 subjects were screened and enrolled on this study, which was conducted at the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins. The median follow-up time for those enrolled was 124.5 days (range, 35 to 546 days). Fourteen of 16 patients were evaluable for response, having completed the initial phase of therapy (three cycles of combination testosterone cypionate plus etoposide). Two patients were not evaluable because they came off study after only one cycle of therapy due to toxicity. Seven of 14 (50%) subjects who completed the three initial cycles of combination therapy demonstrated a PSA response. These patients proceeded to the second phase of the study and were treated with BAT only, without further etoposide. The median age at the time of screening was 71 years (range, 56 to 87 years), and median baseline PSA was 21.7 ng/ml (range, 1.4 to 819.1 ng/ml). The median duration of previous androgen deprivation was 45 .4 months (range, 12 to 146 months). Other baseline characteristics are summarized in Fig. 2B .
PSA reductions
In most patients tested, the serum testosterone level was supraphysiologic (normal serum testosterone level in men over age 50 years ranges from 130 to 700 ng/dl), with a mean >1500 ng/dl (range, 920 to >3200 ng/dl) at 2 days after testosterone injection (Fig. 2C) (44) . Two weeks after testosterone injection, average testosterone levels remained above 600 ng/dl, and by 28 days, the levels averaged ∼150 ng/dl (Fig. 2C) . No man returned to castrate (<50 ng/dl) testosterone levels after 28 days across all cycles of therapy. Six of 14 [42.9%; 95% confidence interval (CI), 20.6 to 68.8%] subjects completing the initial stage had a PSA decline after three cycles of testosterone cypionate plus etoposide, and one additional patient (subject 15) achieved a PSA reduction during the BAT-only stage [n = 7 total (50%; 95% CI, 23.0 to 77.0%) in the "responder group"] (Table 1) . Thus, the study met the primary PSA endpoint of at least three subjects with a PSA decline below baseline. Four (28.6%) subjects had a PSA decline ≥50% compared to baseline (see column marked "On-study PSA low relative to baseline (%)," Table 1 , for values), and two other patients experienced PSA declines of 48 and 47% (Fig. 3A) .
Three patterns of PSA change were observed during the first three cycles of BAT plus etoposide (Fig. 3B and fig. S1 ). In pattern 1 (n = 7), patients had an overall increasing PSA level over the three cycles of therapy. This increase was linear or mirrored serum testosterone levels, increasing when testosterone levels were high and dropping as serum testosterone levels dropped over the 28-day cycle. These patients were considered nonresponders and removed from the study after three cycles. In pattern 2 (n = 3), PSA levels initially increased with the first dose of testosterone cypionate and then steadily declined to below baseline levels. In pattern 3 (n = 4), there was no initial spike in PSA; instead, the PSA levels declined immediately by >50% after the first cycle of therapy. Patients exhibiting the latter two patterns were offered the option to continue on BAT alone in the second phase of treatment after the initial three cycles of combination therapy. Figure 3C shows an example of the PSA change in an individual patient (subject 9) during 3 cycles of BAT plus etoposide followed by 13 cycles of BAT alone and then a return to castrate testosterone levels (consistent with pattern 2).
All seven subjects who responded to therapy eventually displayed PSA progression, with a median time to PSA progression of 221 days (range, 95 to 454 days) for this group (Table 1) . Despite PSA progression, five of the seven responders were considered to still be deriving benefit from therapy based on lack of radiographic progression and increased subjective quality of life. Four of these men remained on BAT for ≥12 cycles, and one patient remains on study after 22 cycles. The median duration of clinical benefit (defined as time on study) for the responders was 343 days (range, 91 to not reached). Notably, the group of subjects with PSA declines (n = 7) had a significantly higher mean baseline PSA compared to those who did not respond (159.7 ng/ml versus 13.9 ng/ml, P = 0.019). A graphical summary of the changes in serum PSA for each subject enrolled is presented in fig. S1 .
Radiographic responses
At baseline, 10 subjects had Response Evaluation Criteria in Solid Tumors (RECIST)-evaluable soft tissue metastases (Table 1) . Of these patients, two (20%) had progressive disease (PD), three (30%) had stable disease after a median follow-up of 91 days (range, 87 to 92 days), four (40%) had PRs, and one (10%) had a CR. One patient (subject 4) with an initial PR developed PD with continued treatment. No other patients with an initial PR or CR developed radiographic progression after a median follow-up of 123.5 days (range, 87 to 501 days). An example of a CR (patient 16) and a PR (patient 15) in lymph node metastases after three cycles of BAT plus etoposide is shown in Fig. 3D . Three subjects had baseline osseous metastases. No one had progressive bone metastatic disease per Prostate Cancer Working Group 2 (PCWG2) criteria; however, one subject (subject 8) was taken off study because of the development of a single new osseous metastasis not meeting the PCWG2 definition for progression. This lesion was felt to be evidence of clinical progression.
PSA reductions with subsequent hormonal therapies
We performed a post hoc exploratory analysis on the effect of BAT on subsequent hormonal therapies. Overall, 12 of 13 subjects had PSA decline to AR-directed therapy given after BAT [one patient continued to show PSA progression upon return to castrate testosterone levels and proceeded to receive docetaxel (subject 8), and the 14th patient remains on BAT] ( Table 2) . For 12 patients, testosterone levels were allowed to return to the castrate range after completion of the study, *In cases where the PSA never fell below baseline, the PSA low was taken to be the lowest PSA value observed after initiating treatment with BAT. †Time only given for those subjects with a PSA response (decline from baseline).
‡RECIST response only given for subjects with RECIST-evaluable disease. §Patient remains on study.
and within 1 month of renewed PSA progression, the patients were placed back on a second-line AR-directed therapy (such as abiraterone, enzalutamide, or bicalutamide). Of these 12 subjects, 9 (75%) had a PSA decline below their end-of-study PSA. Of the six PSA responders who came off study, four (66.7%) had a PSA decline below their end-of-study PSA upon becoming castrate again. All of the patients had received at least one antiandrogen before starting the study ( Table 2) . Ten of 10 (100%) patients receiving second-line therapy with either abiraterone (n = 4 of 4) or an antiandrogen [enzalutamide (n = 4 of 4), bicalutamide (n = 1 of 1), nilutamide (n = 1 of 1)] had a PSA decline (range, 30.8 to 99.5%). Examples of PSA and objective response for patients 4 and 14 are shown in Fig. 4 (A to C). Four of four patients receiving abiraterone and three of four patients on enzalutamide had >50% PSA decline. Notably, two subjects were rechallenged with a first-generation antiandrogen (nilutamide or bicalutamide) and one with enzalutamide after having previously progressed on these agents. These subjects achieved a 44.3, 30.9, and 53.2% PSA decline upon initiation of nilutamide, bicalutamide, and enzalutamide, respectively. The patient rechallenged with enzalutamide had also previously progressed on abiraterone before enrolling in this study. Mechanistically, this resensitization effect may be due to the ability of high-dose androgens to acutely down-regulate AR-FL expression and eliminate expression of ligand-independent AR splice variants (Fig. 4D) . The expression of these AR splice variants has been associated with resistance to ADT, abiraterone, and enzalutamide (27) (28) (29) (30) (31) (32) . However, the AR-V7 variant is not expressed in every resistant AR-positive human prostate cancer cell line (Fig. 4E) . In addition, some lines, such as LNCaP, lack expression of the AR variants and are highly sensitive to growth inhibition by androgen. In contrast, the CWR22-Rv1 cells express high levels of AR-V7, and the expression of this variant is not down-regulated by exposure to R1881 or up-regulated upon exposure to enzalutamide, as occurs in the AR-V7-positive VCaP line (Fig. 4E) .
Adverse events
Most adverse events (AEs) occurred during the initial phase of treatment and were largely consistent with known side effects of etoposide. Initial-phase side effects were mostly low-grade (grade ≤2) and included nausea (n = 10), fatigue (n = 9), alopecia (n = 9), edema (n = 8), and neutropenia (n = 3). Two patients had grade 3 asymptomatic, subsegmental pulmonary embolism. Two subjects did not complete the initial treatment phase: one individual was taken off study after developing grade 2 priapism, and a second individual expired because of pneumonia/neutropenic sepsis. AEs occurring during the BAT monotherapy phase of the trial were rare and low-grade. Only four subjects experienced an AE during this phase, and all but three AEs were grade 1. Grade 2 events included alopecia and an elevated creatinine in one subject and grade 2 nausea in a separate subject. None of the 14 patients developed new pain, skeletal events, or urinary obstruction due to prostate cancer. Frequently observed (>15%) and severe (grade 3 to 4) AEs are summarized in Table 3 . Patients with intact sexual function before ADT had return of sexual function and libido on BAT.
DISCUSSION
This pilot clinical study was performed to test the safety and efficacy of pharmacologic doses of testosterone and oral etoposide in men with asymptomatic CRPC who were progressing on long-term ADT. The study demonstrated that systemic administration of sufficient testosterone to produce supraphysiologic serum testosterone levels was well tolerated in these asymptomatic men with low-to moderate-burden metastatic disease. No patient developed worsening pain due to prostate cancer, nor were there any other skeletal events or evidence of worsening urinary obstruction. Furthermore, with seven patients exhibiting PSA declines, the study met the primary endpoint of at least three subjects with PSA declines. The PSA declines observed in this study are particularly remarkable because PSA is an androgen-stimulated gene product. BAT also produced objective radiographic responses in 50% of patients with RECIST-evaluable disease. Finally, post hoc analysis showed that 10 of 10 (100%) of men treated with BAT responded to second-line therapies after BAT, with 3 subjects responding to an agent on which they had previously progressed. These data suggest that BAT may have the potential to reverse resistance to androgen-ablative therapies, potentially resensitizing men to drugs to which their cancer had become resistant. Although this pilot study enrolled only a small number of patients, it provides compelling preliminary evidence that challenges the current treatment paradigm for CRPC, which is focused primarily on inhibiting ligand binding to AR.
There are three critical aspects of this study design that must be emphasized. First, as an eligibility criterion, men enrolled on this study had to have progressive CRPC treated continuously with ADT for ≥1 year. Preclinical mechanistic studies demonstrated that CRPC cell models, which adaptively overexpress AR, were vulnerable to supraphysiologic testosterone (8, 26, (33) (34) (35) . Thus, this eligibility requirement was put in place to select patients who were likely to have resistance because of AR overexpression induced by chronic exposure to a low testosterone environment. Indeed, the observation that a high baseline PSA predicted for response to BAT may support the hypothesis that AR-driven prostate cancers are more likely to respond to testosterone-based therapies. On the basis of the proposed mechanisms of action, the use of testosterone in men who have not yet received ADT would be ill advised without definitive clinical evidence of benefit. A number of small case reports have documented the potential for testosterone to induce progression in men who are hormone therapynaïve, including the first paper by Huggins et al., in which he describes clinical progression in a small number of men treated with an androgen (1, 2, 45, 46) . *All of these subjects were treated with a hormonal therapy (consisting of an LHRH analog at a minimum) after BAT and completed at least the initial three cycles of BAT plus etoposide. The two subjects who progressed before cycle 3 and the individual who continues on treatment per protocol are excluded from this table. †Maximum percentage decline in PSA upon testosterone level falling within the castrate range (testosterone <50 ng/dl) compared to the PSA value at the time of study discontinuation (baseline PSA used for this calculation was the end of BAT PSA value). Value only given if PSA was measured after return to castrate testosterone level and before receiving a secondary HT.
‡Calculation is based on a baseline PSA value at the time of initiating a secondary HT.
A second important point that must be stressed is that only asymptomatic men were eligible to enroll in the study. This requirement was put in place based on older literature describing the use of "androgen priming" in conjunction with either 32 P or chemotherapy to treat men with CRPC and painful bony metastases. In these studies, testosterone administration produced an acute increase in pain within hours to days, which occasionally required hospitalization. The time course of the described acute pain suggests that the increased pain was due to testosterone stimulation of inflammation and/or cytokine release within sites of bone metastases rather than a direct effect on tumor growth. Over a similar time course, men with pain from bone metastases often have a marked improvement in pain after ADT that can occur within hours of castration, not because of tumor death but more likely caused by a decreased expression of inflammatory cytokines in the microenvironment (2) . With this concern in mind, the trial was designed to stop treatment and remove patients from study if pain due to prostate cancer developed. However, in this study, none of the men who were asymptomatic at baseline experienced any bone pain due to prostate cancer after receiving multiple cycles of BAT. These results suggest that treatment with testosterone in this asymptomatic population did not stimulate an inflammatory response sufficient to elicit pain, nor did it stimulate progression of disease sufficient to elicit pain. BAT is, however, in no way ready for widespread adoption and should only be administered in the context of a clinical trial until its safety and efficacy can be confirmed.
Finally, although this is not the first study to test the effect of systemic testosterone in men with prostate cancer, it is designed to evaluate the effects of systemic testosterone administration according to a dose and schedule that produce rapid cycling from supraphysiologic to nearcastrate serum testosterone levels over a 28-day cycle. Previous case reports documented responses in men treated with daily injections of various testosterone preparations (45) (46) (47) . Two phase 1 studies reported the results of the use of transdermal testosterone as therapy for men with CRPC who had minimal to moderate disease burden and no pain due to prostate cancer (48, 49) . Between the two studies, 7 of 27 men had at least a 20% decline in PSA, but only 1 achieved a >50% decline. Although the studies were considered "negative" from the standpoint of disease response, in both studies, the administration of parenteral testosterone to men with CRPC was very well tolerated and did not result in notable worsening of disease or symptoms, including pain flares. In each of these phase 1 studies, doses of transdermal testosterone up to 7.5 mg/day only produced eugonadal testosterone levels. These transdermal testosterone preparations are designed to produce sustained eugonadal testosterone levels, and it is difficult to reach supraphysiologic levels with currently approved transdermal testosterone preparations without increasing the percentage of testosterone in the preparation (43, 50) . Therefore, we chose to use intramuscular injection of testosterone cypionate at the FDA-approved dose of 400 mg to achieve rapid cycling between supraphysiologic and near-castrate serum testosterone levels. Similarly, in preclinical in vitro and in vivo studies, supraphysiologic levels of androgen are used to achieve an antitumor response (8, 26, (33) (34) (35) . We further demonstrate that exposure to supraphysiologic testosterone can generate DSBs in androgen-starved cells and can prevent degradation of high levels of nuclear AR in mitosis, thereby inhibiting DNA relicensing (26, 37) . Thus, CRPC cells that maintain high AR levels will be vulnerable to cell death when suddenly exposed to supraphysiologic testosterone conditions because of an inability to rapidly down-regulate AR; cells that do manage to survive through basal low-level AR expression or adaptive down-regulation of AR will become vulnerable to cell death when suddenly exposed to the near-castrate testosterone conditions that occur over a cycle of BAT. It is unclear, however, why all cell lines exposed to supraphysiologic androgen concentrations were not growth-inhibited. Future studies are needed to determine why some prostate cancer cell lines are growth-inhibited by androgen and others are not. Specific attention should be paid to evaluating effects of androgen on AR expression, DSB repair, and AR-regulated gene expression changes to better understand this process.
An additional feature of this trial that sets it apart from past studies using systemic testosterone was the incorporation of etoposide during the first three cycles of therapy. Etoposide showed minimal activity against prostate cancer in a previous study and is not used routinely as a treatment for prostate cancer (39) . However, as outlined in this report, etoposide may increase and/or stabilize testosterone-induced DSBs, thus providing the motivation to combine BAT and etoposide. Given that four of seven (57%) subjects reached a PSA nadir during the testosterone monotherapy second phase of the trial, as well as the fact that PSA progression typically occurred well after the discontinuation of etoposide, with a median time to PSA progression of 221 days (range, 95 to 454 days), it is unclear if the etoposide contributed to the clinical efficacy observed on this trial. In addition, the substantial toxicity associated with etoposide has tempered our enthusiasm for combining it with BAT. However, based on the potential for mechanistic synergy in inducing transient DSBs, the possibility remains that etoposide may have contributed to the responses observed in this clinical trial. Future studies to separate the contributions of these therapies are warranted.
Although not a prespecified endpoint, the observed high rate of PSA decline with androgen-ablative therapies after BAT raises the possibility that BAT may reverse resistance and resensitize CRPC cells to therapies inhibiting AR signaling pathways. Although these findings Table 3 . Adverse events occurring in >15% of subjects (n = 16) and severe (grade 3 to 4) events. All of those events listed occurred during the testosterone plus etoposide phase of the trial.
Adverse event
Grade 1-2, n (%) Grade 3-4, n (%) Any grade, n (%) need to be further validated in a larger study, this observation could have a major impact on the current treatment paradigm. Recently, data have begun to emerge documenting decreasing efficacy when ARdirected therapies are used sequentially (17) (18) (19) (20) . This is highlighted by the fact that the reported major PSA response rates (≥50% PSA decline) to enzalutamide after abiraterone or abiraterone after enzalutamide are low, ranging from 3 to 29% (17) (18) (19) (20) . In this pilot study, 100% of patients demonstrated a PSA decline to androgen-ablative therapies after BAT. This includes three men who received abiraterone before BAT and then had major PSA responses to enzalutamide after BAT, with PSA declines ranging from 53.2 to 99.5%. Similarly, the rate of PSA decline was high upon treatment with abiraterone after BAT, and radiographic responses were robust with the administration of any AR-directed therapy after BAT. The mechanism underlying this sensitization requires further study. Androgen acutely eliminates AR-V7 expression in the androgensensitive VCaP line but has no effect on the AR-V7-expressing CWR22-Rv1 line. In addition, androgen inhibits growth of LNCaP human prostate cancer cells, which completely lack AR-V7 expression. The expression of these AR splice variants has been associated with resistance to ADT, abiraterone, and enzalutamide (27) (28) (29) (30) (31) (32) . It was recently reported that AR-V7, the best described AR splice variant, can be found in >35% of men at the time of initiating enzalutamide, with its presence predicting lower PSA response rates (0% versus 52.6%, P = 0.004) and shorter time to progression (median progression-free survival: 2.1 months versus 6.1 months, P < 0.001) compared to AR-FL (27) . It seems plausible that the acute regulation of AR-FL and AR splice variants (such as AR-V7) by androgen may underlie this sensitization effect. Recent work has shown that AR-FL is transcriptionally repressed by liganded AR through the recruitment of LSD1 to an enhancer found in the AR second intron and demethylation of H3K4me1,2 (51). Furthermore, AR-V7 expression may be regulated by androgen through an AR-FL feedback mechanism, by which liganded AR decreases the recruitment of splicing factors U2AF65 and ASF/SF2, which have been implicated in AR pre-mRNA splicing to AR-V7 (52, 53) . Given the ability of androgen to suppress AR-FL and AR-V7 expression, it is possible that BAT functions to sensitize cells by acutely lowering AR-FL and AR-V7 protein levels. If BAT is proven to suppress full-length and AR variant expression, its incorporation into the prostate cancer treatment paradigm could serve an important role in extending the effectiveness and mitigating resistance to next-generation AR-directed agents like enzalutamide and abiraterone.
In summary, this study provides preliminary evidence that asymptomatic men with advanced CRPC can be safely treated with BAT to achieve rapid cycling between supraphysiologic and near-castrate serum testosterone levels to produce an antitumor effect. Although PSA flares were observed in some men, there were no symptomatic flare reactions with BAT administration, and BAT produced objective radiographic responses in 50% of patients. Although these results are encouraging, it should be emphasized that the results of this pilot study need confirmation before adopting BAT into a clinical setting, and additional clinical trials are essential to determine whether this treatment approach is safe and effective. Because PSA is an androgen-stimulated gene product, its use as a marker of disease response to BAT is inherently problematic. Thus, future studies should use radiographic or survival endpoints. Finally, the results from this pilot study support future work toward establishing BAT as an effective therapy that can improve survival, overcome resistance to androgenablative therapies, and meaningfully improve quality of life, functional activity, and sexual function in men with CRPC.
MATERIALS AND METHODS
Please refer to Supplementary Materials and Methods.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/7/269/269ra2/DC1 Materials and Methods Fig. S1 . On-treatment PSA response patterns. Table S1 . Original data for individual mice presented in Fig. 1E (provided as a separate Excel file). References (54) (55) (56) (57) (58) (59) (60) 
